In the National Natural Reserve of the Qilian Mountains, northwest China, automated dendrometers were installed on Qilian juniper (Sabina przewalskii Kom.) in 2010. Here, we present a complete 1-year data series of dendrometer measurements and synchronous meteorological records. The mean daily radius change index curve obtained by first-difference standardization was analyzed. The results indicate strong similarities of stem radius variations among the studied trees. By graphical inspection of sub-diurnal shrinkage and expansion patterns, seasonal stem radius variations could be divided into two general phases. During early winter to spring, daily amplitudes show strong fluctuations, and meteorological data indicate that both air and soil temperatures are positively related to stem radius swelling.
Introduction
The understanding of tree growth processes forms the basis of dendroclimatology and reconstructions of past climatic history (Fritts 1976) . Therefore, a more detailed mechanistic understanding of tree growth physiology and of the environmental and climatic signal registration in tree rings is required (Gričar et al. 2011) . The automatic dendrometer is an important instrument in the study of tree growth, as it allows the monitoring of tree radius variations at high temporal and spatial resolution without invasive sampling of the cambium (Deslauriers et al. 2011) . In the past decade, high-precision dendrometers have been used in different tree species and environments (from tropics to boreal regions) to describe stem radius growth phenology and/or assess growth-climate relationships (Downes et al. 1999; Tardif et al. 2001; Zweifel et al. 2001; Deslauriers et al. 2007a; Mäkinen et al. 2008; Bräuning et al. 2009; Biondi and Hartsough 2010; Oberhuber and Gruber 2010; Stahl et al. 2010; Krepkowski et al. 2011) . In boreal forest, Deslauriers et al. (2003b) found that precipitation played an important role in stem radius growth of Abies balsamea, while night temperature was more important than day temperature in controlling radius growth. Zweifel et al. (2006) also found that tree growth was related to precipitation in three species in a boreal ecosystem. These studies have improved our understanding of intra-annual growth dynamics and their association with climatic factors. The Qilian juniper (Sabina przewalskii Kom.) is a long-lived species growing in northwestern China. In recent years, the dendroclimatological studies based on Qilian juniper have made considerable advances (Liu et al. 2005; Yu et al. 2008; Qin et al. 2010 Qin et al. , 2011 Yang et al. 2011 Yang et al. , 2012 , and have developed the longest known chronology in China (Shao et al. 2010) . However, basic studies on the intraannual stem radius growth of Qilian juniper are still lacking.
The diurnal shrinkage and expansion patterns of stem radius variations have been shown in many studies to reach a minimum in mid-to late-afternoon and a maximum in early morning, driven by water movement through the soilplant-atmosphere interface (Drew and Downes 2009 ). However, these normal patterns can be inverted at low temperatures. Zweifel and Häsler (2000) found that the 'diurnal stem radius changes' process has the normal shrinkage and expansion pattern, while the 'frost shrinkage' and 'thaw expansion' processes, which are induced by temperature, usually lead to inverted patterns. Turcotte et al. (2009) verified the period of spring rehydration by comparing the 'normal cycle' and 'inverted cycle' in stem and root radius changes of black spruce (Picea mariana). These findings imply that, in boreal regions, due to extreme and cyclic environmental conditions influencing tree growth, seasonal stem radius variations can be divided into different phases. Such radius changes may underlie different physiological response mechanisms to climatic factors. The shrinkage and expansion patterns method may be a helpful tool to indicate seasonal pattern of stem radius variations. Belyea et al. (1951) described three distinct phases in the cumulative radial increment for some of boreal tree species in Canada. Tardif et al. (2001) identified three seasonal periods of stem variations for seven species in northwestern Québec. Accordingly, these seasonal divisions have enabled us to gain a better understanding of stem radius variations in cold environments. Although general patterns were described of some boreal tree species, useful tools to clearly define the seasonal patterns of radius variation are still required (Turcotte et al. 2009 ).
When studying growth/climate relationships by means of dendrometer measurements, it is important to determine the growing season. In northern China, recent studies (e.g., Yang et al. 2009 ) employing dendrometer measurements did not consider seasonal and physiological significance of stem radius changes. Thus, we combined the sub-diurnal shrinkage and expansion patterns with synchronous meteorological data to get a deeper insight into the seasonal stem radius variations of Qilian juniper (Sabina przewalskii Kom.). Here, we present a 1-year long data series of four dendrometer measured Qilian junipers and one synchronous weather station, in order to (1) assess the seasonal phases of Qilian juniper stem radius variations, and (2) compare the different responses of stem radius variations to meteorological factors in each phase.
Materials and methods

Study area
The study area is located on the northern slope of the central Qilian Mountains, in the upper section of the Heihe River in northwestern China (Fig. 1) . The investigation was undertaken in the Sidalong Forestry Station in the National Natural Reserve of the Qilian Mountains, which is deep in the hinterland of a mountainous environment with extremely difficult vehicle access. Thus, there is no human interference with the tree growth environment except for a few herdsmen occasionally looking for their livestock. The site represents a mountainous virgin forest with abundant vegetation. The dominant tree species includes Qilian juniper (Juniperus przewalskii Kom.), which often grows on a south-facing slopes with elevations ranging from 2,900 to 3,600 m, and Qinghai spruce (Picea crassifolia Kom.) which grows on a north-facing slopes with elevations ranging from 2,600 to 3,300 m.
Climate of the study area is continental with cold winters and warm summers. According to the closest national meteorological station, which is at Qilian (38°11 0 N, 100°15 0 E, 2787 m a.s.l.), mean January and July temperatures are -13.13 and 13.02°C, respectively. Mean annual precipitation was 403.29 mm for the period 1957-2007. Precipitation from May to September occupies 89.97 % of the annual total (Fig. 2) .
Four Qilian juniper trees were monitored by dendrometer at the lower limit (LL, 38°26.28 0 N, 99°55.01 0 E, 2,857-2,870 m a.s.l.) of the forest. Understory of the Qilian juniper forest is dominated by small shrubs such as Caragana jubata, Dasiphora fruticosa and Nitraria sibirica. Forest soil type is classified as brown coniferous forest soils with an average pH value of 7.5 (Yang et al. 2008 ).
Dendrometer records
Automated high-resolution point and band dendrometers (Ecomatik, Germany; type DR and DC2, accuracy ±2 lm, temperature coefficient \0.1 lm/K) were installed on four Qilian junipers in the LL site. The band dendrometers measure the changes in tree circumference, whereas the point dendrometers measure changes at a single point (radius) of the tree. Healthy and upright trees with circumferences ranging from 36 to 85 cm at breast height were selected. The dendrometers were usually installed at breast height of a stem; however, the measuring heights had to be adjusted to avoid the influence of dense branches in a few cases. To reduce the influence of expansion and shrinkage processes in the bark, small parts of the outer bark were removed without wounding the cambial zone. Stem radius variations of the studied trees were automatically recorded at 30-min intervals (48 data points/day) and saved in dendrometer data loggers (Ecomatik, Germany).
As the band dendrometers measured stem circumference, the mean radii of the LL2 tree was transformed using the formula (radius = circumference/2p). Due to technical problems, the measurements of the four trees did not start on the same date, and data for LL1 and LL4 had several gaps. Therefore, in order to compare all the trees together, the LL4 tree was only used to perform graphical comparison. The LL1, LL2 and LL3 were used for further analysis in the same periods.
Meteorological records
A 2-m high automated weather station was installed at an exposed and flat space in LL. Level distances from the station to the dendrometer-monitored trees in LL were \50 m. Several meteorological parameters (precipitation, air temperature, soil temperature, soil moisture, relative humidity) were automatically measured at 1-h intervals and stored in a data logger (Delta-T Devices Ltd, U.K., Type DL2e). The daily precipitation records were further checked against the data obtained from the nearby Xiang Yangtai meteorological station (38°26.79 0 N, 99°53.87 0 E, 2,670 m a.s.l.). A high consistency between the two series was found. However, from 7 March to 27 October 2010, the sum of precipitation at LL was 407.40 mm higher than that of the Xiang Yangtai Station records (364.60 mm). Statistical analysis
To display the sub-diurnal shrinkage and expansion patterns, we extracted the times (from 0:00 to 23:30 at 30-min intervals) corresponding to the diurnal maximum and minimum values of stem radius variations. Time of maximum radius represented the end of stem expansion, while the minimum values represented the end of stem shrinkage. Visual inspection of the data showed that shrinkage and expansion patterns could be observed between different seasons. For the LL trees (except LL4), the stem radius measurements were averaged on a daily basis. To facilitate comparison, 24 October 2010 was arbitrarily set to zero value for all trees. To minimize the effect of age, vigour and competition between trees, the cumulative daily radius increment curves were transformed into percentages (Tardif et al. 2001) . Then, the mean cumulative daily radius increment curve was calculated using each tree's percentage curve. In order to eliminate the intrinsic trend in the cumulative curve, the mean daily radius change index curve was constructed by applying first-order differencing to the mean cumulative daily radius increment curve. The daily amplitude curves were studied using the calculated differences between daily maximum and minimum values. Thus, three parameters were studied during the analysis of stem radius variations. Both the mean cumulative daily radius increment and daily amplitude curves were analyzed graphically along with the meteorological factors. The mean daily radius change index curve was used to statistically analyze the relationship between stem radius variations and meteorological variables.
In order to verify the graphical comparison of subdiurnal shrinkage and expansion patterns, the raw stem radius measurements for LL1, LL2 and LL3 were transformed into mean stem radius measurements; then, the Pearson correlations between the mean stem radius measurements and intra-day air temperature curves were calculated each day. To study the relationship between daily stem radius variations and climate, several meteorological variables were selected to perform the correlation analyses, with the mean daily radius change index curve. These variables were daily precipitation (Prep, mm) and the firstorder differences for the daily mean, maximum and minimum air temperature (T mean , T max , T min ,°C), and daily mean vapor pressure deficit (VPD, kPa), soil temperature (ST,°C) as well as soil moisture (SM, %). The vapor pressure deficit was calculated from values of the daily mean air temperature and relative humidity (Jones 1992) . The Mann-Whitney U test was used to test for significant differences of stem radius variations between the different seasons. The calculations of sub-diurnal shrinkage and expansion patterns were performed in Excel 2003, the correlation analysis was computed with SPSS 11.5, and the figures were drawn by OriginPro 8.0.
Results
Sub-diurnal stem radius variations: the hypothesis of 'two phases'
To gain a deeper insight into stem radius variations, the sub-diurnal shrinkage and expansion patterns are presented (Fig. 3) . During the period from late October 2010 to late March 2011, sub-diurnal data indicate marked and regular patterns of daily maximum values occurring in the afternoon and minimum values in the morning. However, from the end of March to early November 2011, the shrinkage and expansion patterns were completely reversed: the daily maxima appeared in the morning, while daily minima appeared in the afternoon. From early November to the end of 2011, the sub-diurnal shrinkage and expansion patterns were reversed again. According to these patterns, two phases were defined, Phase 1 from ca. 24 October 2010 to 28 March 2011 and Phase 2 from 29 March to 3 November 2011. Phase 1 showed abnormal patterns, with maxima observed in the afternoon and minima observed in the morning, while Phase 2 generally displayed maximum values in the morning and minimum values in the afternoon (Fig. 4) .
In order to verify the partitioning of the two phases, the Pearson correlation coefficients (using significance level P \ 0.05) between mean stem radius measurements and intra-day air temperature curves were calculated for each day from 24 October 2010 to 3 November 2011 (Fig. 5) . It is clear that the sign of the correlation coefficient varied with time, with consistently significant positive correlation observed in Phase 1 (r = 0.32 ± 0.28, N = 154, P \ 0.05), while significant negative correlation was observed in Phase 2 (r = -0.63 ± 0.31, N = 217, P \ 0.05). The fact that air temperature presented opposite correlation in different portions of the season promoted the partitioning of the entire time series into two phases.
Seasonal stem radius variations
During the same periods, the cumulative daily radius increment curves of the sample trees displayed synchronicity in the observed pattern (Fig. 6a) . A high mean correlation coefficient (r = 0.97, N = 371, P \ 0.01) was found between LL1, LL2 and LL3. When comparing with the partitioning of the two phases, Phase 1 demonstrated a sharply decreasing trend in the early part and increasing trend in the later part of the pattern of stem radius variations; Phase 2 corresponded to a continuous and steady ascending trend until the end of this period. The seasonal stem radius variations could be clearly illustrated by the mean daily radius change index curve (Fig. 6b) , which indicated that the index was equal to -0.30 ± 3.77 in Phase 1, and 0.58 ± 2.94 in Phase 2. The Mann-Whitney U test analyses of the radius change index revealed a significant difference (z = -2.852, P = 0.004) between the two phases. For more detailed comparisons among the seasonal variations, mean daily amplitudes were calculated (Fig. 6c) . To some degree, the daily amplitudes indicated the extent of stem radius change: lower daily amplitudes represented gentle changes, while higher daily amplitudes revealed drastic changes. From the mean daily amplitude curve, Phase 1 revealed wide fluctuations (181.51 ± 106.22 lm); during Phase 2, the daily amplitudes presented only moderate changes (113.54 ± 37.94 lm). According to the obvious fluctuations of daily radius change index and amplitudes in Phase 1, this phase could be preliminarily divided into three periods.
To assess the correspondence between seasonal stem radius variations and climatic factors, the daily mean, maximum and minimum air temperatures and precipitation are presented in Fig. 6d . The dividing lines between the two phases are highly correlated with the 0°C daily mean air temperature. In other words, mean air temperature increased above 0°C between the ending of Phase 1 and the beginning of Phase 2. In Phase 2, mean air temperature was consistently above 0°C, although it briefly dropped below 0°C occasionally. There were several concentrated rainfall events in this phase, for which the total precipitation (422.40 mm) accounted for 98 % of that over the whole measurement in 2011 (431.00 mm).
By comparisons of stem radius variations in 2010 and 2011 respectively, the durations of the growing season in 2011 could be assessed. During Phase 2 (2011), the growing season of LL1 and LL2 likely began at May and ended in late August (Fig. 7) . At present, we have no sufficient data with LL3 and LL4 to assess the growing season more precisely. However, from the monthly mean stem radius increments (Fig. 8) , the main growing season could be estimated as the period May-August, and May and June are the most productive months during Phase 2.
Different responses of radius change to meteorological variables during the two phases
The Pearson correlation coefficients were computed between the mean daily radius change index and meteorological variables (Fig. 9) . In both Phase 1 and Phase 2, several parameters revealed significant correlations with radius change. In Phase 1, T min had the highest positive correlation coefficients (r = 0.647, P \ 0.01) with radius change index, and significant positive correlations were found with T mean , T max and ST. These results are strongly consistent with the previous correlation study (Fig. 5) , providing further support that the shrinking and swelling of stem radius variations in Phase 1 were mainly controlled by air and soil temperatures.
Compared with Phase 1, the correlations between all the meteorological variables and radius change index were almost reversed in Phase 2. Significant negative correlations were observed with T mean , T max and ST. Another set of meteorological variables became highly important in controlling radius expansion. The significant positive correlations of precipitation and negative correlations of VPD with stem radius increment may indicate the importance of daily water balance for tree growth in Phase 2. It is clear that the correlations between meteorological variables and the mean daily radius change index were shifting with seasons (Fig. 9) . The separation of the two phases could thus be confirmed.
According to the three obvious fluctuation patterns of daily radius change index and amplitudes, Phase 1 was divided into three periods. The Pearson correlations between the radius change index and meteorological variables in each period were calculated (Table 1) . From 24 October to 4 December 2010 (period one), the daily stem radius amplitudes revealed abnormally high values (263.50 ± 76.39 lm), while stem radius variations revealed a dramatic decreasing trend (index, -0.87 ± 2.72). During this period, the mean air temperature decreased below 0°C, but the maximum air temperature was above 0°C until the end of the study period. T mean , T min and ST exerted significant positive effects on stem radius expansion, of which the correlation coefficient of T min was higher than that of the others. From 5 December 2010 to 2 February 2011 (period two), both the daily amplitudes (78.63 ± 41.62 lm) and radius index (-0.59 ± 0.19) consistently remained at very low levels, revealing that the daily stem radius variations were very limited. During this period, the daily maximum air temperature stayed below 0°C and reached its lowest value (-13.68°C) on December 15. When compared with period one, T max became relatively important for stem radius expansion in this period. From 3 February to 28 March 2011 (period three), as the maximum air temperature increased above 0°C, the daily amplitudes returned to high levels (230.45 ± 83.52 lm), and stem radius variations displayed a rapid increase at the start of the period. Both daily amplitudes and radius index (0.44 ± 5.74) revealed strong fluctuations during this period. The correlation analysis shows how several meteorological variables had significant positive effects on stem radius expansion, of which T min and ST had higher coefficients than those of the others. The Mann-Whitney U test analyses of the daily mean amplitudes showed significant differences between the three periods, for z = -7.524, P \ 0.001 between period one and period two, and z = -8.240, P \ 0.001 between period two and period three.
The significant positive correlation between VPD and radius change index in Phase 1 cannot be explained exactly at present, and may have been confounded by the potential variables from the Pearson correlation. Thus, the partial correlation analysis was computed between VPD and radius change index when T mean was controlled, and the correlation coefficients became -0.06 (P = 0.49) and -0.45 (P \ 0.01) for Phase 1 and Phase 2, respectively. However, this partial correlation analysis corresponding to the three periods in Phase 1 was calculated, where the coefficients were -0.48 (P \ 0.01), -0.07 (P = 0.61) and -0.07 (P = 0.62) in periods one, two and three, respectively.
Discussion
According to the sub-diurnal shrinkage and expansion patterns, the stem radius variations could be divided into two phases. In each of the two phases, stem radial variation responded to different meteorological variables. The dividing lines separating the two phases, which corresponded with the timing of the 0°C daily mean air temperature, indicated that air temperature plays an important role on the seasonal stem radius change in this cold and arid environment. Many previous studies have already demonstrated that temperature in the air (Gričar et al. 2007; Rossi et al. 2007; Deslauriers et al. 2008; Seo et al. 2008) and soil (Deslauriers and Morin 2005; Gruber et al. 2009 ) is the major factor for tree growth at the beginning of the vegetation season in cold ecosystems.
In Phase 1, all trees presented strong diurnal fluctuations in stem radius, with the mean amplitude reaching 181.51 ± 106.22 lm. Correlating the mean stem radius measurements and intra-day air temperature curves revealed consistently significant positive correlations during this phase. According to the daily correlation studies, both air and soil temperature have significant positive effects on stem radius expansion, indicating that the stem radius variations were mainly controlled by water status changes induced by temperature. The large daily amplitudes occurring in period one and period three have demonstrated that daily fluctuations in radius were greatest when minimum and maximum air temperatures were below and above the freezing point, respectively (Tardif et al. 2001) . In period one, as the daily mean air temperature dropped below 0°C, a declining quantity of stem Fig. 9 The Pearson correlations (P \ 0.05) between the mean daily radius change index and meteorological variables during the two phases The Pearson correlations were calculated between radius change index and meteorological variables in each period * P \ 0.05
radius data was identified. This can be interpreted as the beginning of the winter dehydration. From the partial correlation analysis between radius index and VPD (T mean was controlled), significant negative correlation was observed (r = -0.48, P \ 0.01), indicating that there was also likely to have transpiration activity in the crown during this period. This was supported by the reduced slope of stem radius during this period (Fig. 6a) . As several studies have already shown (for an overview, Smallwood and Bowles 2002) , low temperature imposes more dehydration stress on perennial plants during winter by lowering root water uptake and water transport in the stem, while shoots are still exposed to transpiration. To meet the demands of winter transpiration, mature trees can rely on water stored in their sapwood (Boyce et al. 1991) , but as the water recharge is limited by root absorption, water losses are not compensated immediately (Loris et al. 1999; Sevanto et al. 2006) . The fact that elastic living stem tissues sharply diminished in size during periods of temperatures below the freezing point has been reported in several studies (Winget and Kozlowski 1964; McCracken and Kozlowski 1965; Lemoine et al. 1999 ). Zweifel and Häsler (2000) proposed a mechanism of 'frost shrinkage and thaw expansion', which is primarily dependent on the temperature that occurred during the cold period. Thus, the normal shrinkage and expansion patterns were replaced by inverted patterns. This effect also corresponded with the highest values of daily amplitudes. In period two, as the daily maximum air temperature dropped below 0°C, the tissues stayed frozen (Turcotte et al. 2009 ) and only generated small daily amplitudes. At this time, the stem radius variations were induced by temperature and the physiological activities were thought to have ceased (Zweifel and Häsler 2000) . When compared with period one, it is obvious that T max had significant effects on stem radius expansion. This period thus could be interpreted as the physical change in the cold state. In period three, when the daily maximum air temperature had increased above 0°C, a sharp increase in stem radius was observed. Zweifel and Häsler (2000) explained this phenomenon as being associated with the time when ice in the xylem melts, and the increased osmotic and matric potentials in the dehydrated bark accelerate the water transport back into the phloem. Consequently, the bark re-expands. Again, when the maximum air temperature rise above 0°C, the ice melts and water reenters the living cells (Loris et al. 1999; Turcotte et al. 2009 ). Both of the daily amplitudes and radius change index revealed drastic fluctuations, as the alternating high and low air temperatures produced large radius variations in the stem (Turcotte et al. 2009 ), which corresponded with the 'frost shrinkage and thaw expansion' cycle (Zweifel and Häsler 2000) . According to the partial correlation between VPD and radius index (r = -0.07, P = 0.62), there were no significant transpiration activities that could have been observed in this period. Compared with the findings presented by Turcotte et al. (2009) , in which it is assumed that the first permanent snow accumulation corresponded to the start of winter shrinkage, the beginning of snowmelt instead corresponded to the rehydration. The dividing of Phase 1 into three periods could thus be confirmed: specifically, the beginning of period one (winter dehydration) corresponded to the reduction of daily mean air temperature below 0°C, while period three (spring rehydration) corresponded to the increase of daily maximum air temperature above 0°C. At the end of Phase 1 and the beginning of Phase 2, when daily mean air temperature rose above 0°C, the high fluctuations of daily amplitudes were reduced, and the sub-diurnal shrinkage and expansion began to show normal patterns, allowing identification of the end of the 'frost shrinkage and thaw expansion' cycle in this period. However, the end of spring rehydration could not be estimated precisely which may ended in April.
In Phase 2, all of the sample trees displayed the normal sub-diurnal shrinkage and expansion patterns illustrated the initiation of regular physiological activities. During this phase, stem radius variations consisted of diurnal rhythms of water storage depletion and replenishment and seasonal tree growth (Deslauriers et al. 2007a, b) . Stem radius shrinkage was due to transpiration during the daytime, while expansion was due to roots imbibing water from the soil during late afternoon and night to replenish daytime usage. During this phase, stem radius changes depend on physiological activities and are not directly sensitive to the temperature course (Zweifel and Häsler 2000) . However, during a few cold days of Phase 2, there was occasional recurrence of the inverted patterns (Figs. 3, 5) . These results suggest that in such a cold ecosystem, the cold temperatures might occasionally disturb the normal cambial activity, even in summer growing season. As the cold air temperatures increased rapidly, the tree's physiological activity returned to normal. According to the correlation analysis, the association with VPD indicates the negative effect of transpiration on radial expansion during this phase. However, with the negative effects of temperatures (air and soil) and VPD on stem radius increases, water stress may limit tree growth during relatively warm and dry periods when no sufficient moisture is available. Meanwhile, precipitation and soil moisture had a direct effect on radius expansion and contributed to reduce stem water stress in the summer transpiration.
It is an important issue to determine the growing season by analyzing stem radius growth and climate relationship extracted from dendrometer measurements (Deslauriers et al. 2007a) . From the measurements in LL, it was clear that diurnal cycles unrelated to radius growth were smoothed out and irrelevant when records were plotted over several months (Biondi et al. 2005) . The increases in February and March only reveal the stem radius expansion induced by temperature in cold periods. In April, stem radius increments may be confused with the spring rehydration. Thus, according to the monthly mean stem radius increments, it was evident that wood formation likely began in May and continued until August. Therefore, May and June are the most productive months probably corresponding with the period of earlywood formation. However, this growing season does not represent the actual cell growth periods, which can only be assessed by direct methods such as microcoring (Deslauriers et al. 2003a; Rossi et al. 2006 ) and pinning (Seo et al. 2007; Mäkinen et al. 2008 ). The 'growing season' is usually defined as the period from the first cell showing radial enlargement and continuing until the maximum number of cells is achieved (Deslauriers et al. 2003b) . A comparison with cellular analyses is necessary to exactly determine stem radius increment on the basis of dendrometer data (Deslauriers et al. 2003b; Mäkinen et al. 2008; Oberhuber and Gruber 2010) .
Conclusion
By graphical comparison of the sub-diurnal shrinkage and expansion patterns of four Qilian junipers in northwestern China, the seasonal stem radius variations could be divided into two general phases. When compared with the climatic factors, the dividing lines of the two phases corresponded tightly with the occurrence of a 0°C daily mean air temperature, indicating that air temperature played an important role in stem radius variations in this cold and arid environment. From the correlation analysis between stem radius and meteorological variables, the coefficients showed anti-phase changes between the two phases, which strongly supported the partitioning of the two phases. In Phase 1, the stem radius variations were mainly controlled by the stem water status induced by air and soil temperatures; meanwhile, in Phase 2, the stem radius variations were the superimposed effects of both water status and cambial activity. From the monthly mean stem radius increments of LL trees, May and June are the most productive months. According to the different patterns of daily amplitudes and the correlation analysis with corresponding meteorological variable, there are likely to be three periods during Phase 1, which correspond to winter dehydration, physical change and spring rehydration, respectively. The significant negative partial correlation between radius change index and VPD (T mean was controlled) is a likely indicator of transpiration activities in the crown during the early winter (period one). However, the tracking of cambial activities by cellular analysis should be considered in future studies to gain a deeper insight into stem radius growth dynamics.
